tations have indicated that this disorder is quite common in humans, with a prevalence rate ranging from 1.9-2.5 per 100 in seven separate international communities In this report, we describe two Hoxb8 loss-of-function the anogenital region and tail. The most highly predictalleles. Both contain a nonsense mutation in the first able stereotyped action sequence is described as an exon; one also contains a floxed neo r cassette in the "idealized syntactic grooming chain" (Berridge et al., second exon (see Figure 1) 
. The first mutation is a frameshift mutation resulting in a premature translation stop codon within the first exon ( Figure 1A ). The second mutation was an insertion of a floxed pMC1neo r cassette into the homeodomain encoded by the second exon. The targeting vector was electroporated into embryoderived stem (ES) cells, followed by positive-negative selection to enrich for cells containing the Hoxb8 mutant allele (Mansour et al., 1988) . Southern transfer analysis was used to identify and characterize three ES cell lines containing the desired Hoxb8 targeted mutations ( Figure  1B) . Two of these cell lines were used to generate chimeric males that passed the mutations onto their offspring, giving rise to the Hoxb8 neo colonies. All subsequent progeny were genotyped by PCR assays using tail DNA (Figure 1C) . Removal of the neo r cassette was accomplished by injection of pMC1Cre (Araki et al., 1995) into the male pronucleus of eggs fertilized by Hoxb8 neo male heterozygotes ( Figure 1C ) to generate the Hoxb8 lox colony. Mice homozygous for either mutant allele, Hoxb8 neo or Hoxb8 lox , should not produce any Hoxb8 protein since both alleles contain nonsense mutations in both exon 1 and exon 2 of this gene.
Allele-Specific Skeletal Phenotype
Loss-of-function alleles of individual Hox genes often result in patterning defects of the axial skeleton. To determine if Hoxb8 is required for this process, we examined skeletal preparations of homozygous mutant newborn pups from both the Hoxb8 neo and Hoxb8 lox colo- pression being shifted posteriorly by one somite ( Figure  2F ). This alteration was never observed in E9. The skeletal abnormalities they reported were very similar to those described above for our Hoxb8 neo mutants. observed in E9.5 Hoxb8 lox mutant homozygous embryos. In addition, Hoxb6 expression was examined in E10.5
In that case, the abnormalities cannot be attributed to a neo r affect since the neo r cassette was removed from and E12.5 homozygous mutant embryos from both colonies and no additional changes in expression relative their mutant locus. However, their Hoxb8 mutant allele retains the bacterial lacZ gene, which they used as a to wild-type controls were observed (data not shown).
From these data, we conclude that the presence of reporter for monitoring Hoxb8 expression. (Figures 4A-4D) . Examination of mutant mice revealed significant amounts of body hair trapped between the gums and teeth, and present in their stomachs, suggesting that the mutant mice actively removed their own hair.
Analysis of Skin
Two potential physical explanations for this phenotype are an absence of afferent sensation or an inherent underlying irritation. To determine if those mice had normal cutaneous sensation, the animals were tested for their reactions to heat and cold, hard and soft pressure, as well as pain. All of the Hoxb8 homozygous mutant mice displayed normal reactions to these stimuli (data not shown). In addition, immunostaining of E13.5 embryos with anti-neurofilament antibody and adult skin sections with a monoclonal antibody to the neuron-specific ubiquitin hydrolase, PGP9.5, failed to demonstrate any differences in the amount of peripheral nerve innervation in the mutant animals relative to control siblings (data not shown).
Histological analysis of skin taken from hairless body regions of Hoxb8 mutant mice demonstrated a thickening of the epidermis when compared with similarly located skin of wild-type littermates ( Figures 5A and 5B ). This thickening, however, was only observed in older mice with hairless patches (n ϭ 20). When skin from the ventral region of 2-and 3-week-old control and mutant littermates (n ϭ 18 for each stage) was examined, no differences were observed (data not shown). These observations suggest that the thickening of the epidermis in affected mice is the result of the hair removal and wound healing, and not the cause of the behavior.
Physical examination of the skin did not reveal any To determine the conditions under which the Hoxb8 mutant mice removed their body hair, individual mice from seven littermate pairs, each comprising one wildwith the Hoxb8 lacZ mutant allele may also be attributable to misexpression of neighboring Hox genes induced by type and one homozygous mutant, were videotaped for a single 24 hr period in their home cages. Twelve hours the presence of the bacterial lacZ gene. Since our Hoxb8 mutant allele does not show defects either in the formaof videotape, in three four-hour blocks spread evenly throughout the day, were examined for each animal and tion or maintenance of this dorsal root ganglia, it is unlikely that the behavioral abnormalities to be descored for displays of innate behaviors including eating, drinking, sleeping, and grooming. Most of the behaviors scribed below can be attributed to defects in these ganglia. Moreover, the anatomical regions affected by this were indistinguishable in wild-type and mutant mice. For example, the amounts of time spent eating (Figure behavior extend well beyond the dermatome map for the C2 dorsal root ganglion (see Figure 4) . 6A) and the frequency of eating were the same. Times Videotape analysis showed that these control animals lated, the Hoxb8 mutant animals were found to spend were excessively groomed by the Hoxb8 mutant analmost twice as much time engaged in grooming behavimals. iors as compared with their control siblings (P value 0.009 using the standard t test). In addition, the mutant animals initiated grooming sequences more frequently Induced Grooming Analysis than did controls ( Figure 6C Figure 7) . Fragments of both sizes were amplified from brains of CNS, we assayed for the presence of Hoxb8 mRNA by (Figures 8G-8I) . The cerebral cortex contains Hoxb8-expressing cells within layers 2-6. Although this expression pattern extends throughout the entire cortex, of particular interest is that the region with strongest expression includes the orbitofrontal (OFC) and anterior cingulate cortex (CCx) (Figures 8J-8L; 8M-8O in what has become known as the "OCD circuit," the orbitofrontal cortex, the anterior cingulate cortex, and the caudate nucleus because functional studies suggest heterozygous animals (Figure 7 ). Sequence analysis of that in OCD patients, there is abnormal metabolic activthe two PCR fragments confirmed that the 542 bp fragity within the cells of this circuit (for review, see Graybiel ment was identical to that reported for Hoxb8 (GenBank and Rauch, 2000). Accession number X13721), whereas the 617 bp fragment was found to contain both of the targeted mutaDiscussion tions. These results demonstrate two important points: first, Hoxb8 is expressed within the CNS of adult mice;
We have demonstrated that adult mice homozygous second, the cells that would normally express Hoxb8 for a loss-of-function allele of Hoxb8 display abnormal are still present in the adult CNS of mutant animals. This grooming behaviors. Not only does this represent a does not imply that these cells are normal with respect novel phenotype not previously associated with mutato function. The mutant phenotype and the Hoxb8 extions in this gene, it demonstrates a novel role for a pression pattern suggest that this protein may particimember of the Hox complex, a family of genes thought pate in an integrative role during the modulation of motor to be involved primarily in establishing the mammalian and sensory information at multiple levels of the CNS. body plan. Although the mutant cells are still present, the data sugOur study differs significantly from those published gests that these cells may be defective in their integpreviously by van den Akker et al. (1999). They reported rative or interpretive capacity.
that the Hoxb8 lacZ homozygous mutant mice have axial skeletal defects and an abnormal forearm clasping reflex that was attributed to the loss of the spinal dorsal root Cellular Localization of Hoxb8 Transcripts in the Adult CNS ganglion C2. However, van den Akker et al. did note that one-third of their Hoxb8 Ϫ/Ϫ mice had self-inflicted skin To determine the cellular distribution of Hoxb8 expression within the adult CNS, we performed in situ hybridlesions. In contrast, mice homozygous for our Hoxb8 mutant allele, which has a nonsense mutation in the first ization using an antisense riboprobe from the 3Ј untranslated region of Hoxb8. Sense strand hybridization to exon and a loxP site in the second exon, showed no skeletal, forearm clasping, or dorsal root ganglia deadjacent sections served as controls. Hoxb8 expression was found in a number of regions within the wild-type fects, but did show, with 100% penetrance and in two distinct genetic backgrounds, excessive grooming beadult CNS, including the olfactory bulb, the basal ganglia, the hippocampus, the cortex, the cerebellum, and havior and associated pathology. As argued in the Results, the marked differences in the skeletal and forelimb the brain stem (Figure 8 ). In the olfactory bulb, Hoxb8 expression is strongest in cells within the mitral cell layer defects may reflect the presence of the bacterial lacZ gene in the Deschamps Hoxb8 mutant allele (Cohen-(MiL) (Figures 8A-8C Numerous studies have demonstrated that, in rodents, grooming is an innate preprogrammed behavior Hoxb8-expressing cells (Figures 8D-8F) .
Within the hippocampus, Hoxb8 expression is re- (Sachs, 1988) . This implies that the neuronal networks that regulate grooming behaviors are specified using stricted to the pyramidal cell layer in the CA1-CA3 region and the granule cell layer of the dentate gyrus (DG) a genetic program. Our behavioral analyses of Hoxb8 et al., 1999) . Second, the mutant animals were found to spend significantly more time ate a phasic shift over control of movement from sensorimotor guided systems to central pattern generating grooming when compared to control littermates in both the home cage and in the induced grooming assay.
circuitry. This implies that the striatum acts in a hierarchical fashion to control neural circuitry during grooming Third, Hoxb8 mutants were found to initiate grooming sequences more frequently than controls. and total RNA samples were subsequently isolated using the Qiagen pMC-1neo r cassette was inserted into the second exon of Hoxb8 RNeasy Mini Kit. at an XmnI site within the homeodomain. A total of 8.2 kb of Hoxb8 cDNA synthesis and amplification of Hoxb8 transcripts were pergenomic sequence surrounded the two mutations, and was inserted formed using the PCR Access Kit (Promega). One hundred nanobetween the TK1 and TK2 genes to generate the Hoxb8 targeting grams of total RNA was used for each reaction, and the sequence vector. This vector was linearized and electroporated into R1 ES of the primers used to amplify either Hoxb8 or the actin control were cells. Cells that had undergone homologous recombination at the as follows: 5ЈRTb8-5ЈTCCAGCACCCTTCGCAAATCC3Ј; 3ЈRTb8-Hoxb8 locus were enriched using positive-negative selection in me-5ЈGTGCCCGCTCCAGCTTCTCTT-3Ј; 5ЈActin-5ЈGTAACAATGCCAT dium containing G418 and FIAU (Mansour et al., 1988) . Two of these GTTCAAT3Ј; 3ЈActin-5ЈCTCCATCGTGGGCCGCTCTAG. ES cell lines were used to generate the chimeras that transmitted For determination of the cellular localization of Hoxb8 in the adult the Hoxb8 mutations to their progeny. brain, animals were asphyxiated by CO 2 and fixed via cardiac perfusion with cold 4% paraformaldehyde (PFA). Following perfusion, the Genotype Analysis brain and spinal cord were dissected and postfixed for at least 6 Pups and newborns were genotyped by PCR analysis of tail DNA. hr in 4% PFA. Samples were then transferred to a 1ϫ PBS solution PCR primers were derived from within the Hoxb8 homeobox (5Ј containing 5% sucrose for cryopreservation. The samples were primer, Hoxb8), sequences at the 3Ј end of the neo r gene (3Ј primer, cryopreserved for several days at 4ЊC during which the sucrose neo r ), and sequences near the 3Ј end of the Hoxb8 gene (3Ј primer, concentration was increased stepwise to 30%. The tissue was froHoxb8). The sequence of each of the primers is as follows: 5ЈHoxb8-zen in OCT, sectioned at 10 m, and mounted onto SuperfrostPlus 5ЈCGAGGCCGCCAGACCTACAGT3Ј; 3ЈHoxb8-5ЈCATTTACTGCTG slides (VWR). GGAAACTTGTCT3Ј; 3Јneo r -5ЈGCCTGCTTGCCGAATATCATGG3Ј. For detection of Hoxb8 transcripts in sections of adult brains, the slides were warmed to room temperature and rehydrated by two Skeletal Analysis and Whole-Mount In Situ Hybridization washes in a calcium-and magnesium-free (CMF) 1ϫ PBS solution, Newborn and adult animals were collected and sacrificed via CO 2 followed by treatment with proteinaseK (1 g/ml in CMF-PBS) for asphyxiation. Skin was removed from the carcasses, and skeleton 10 min at room temperature. The slides were then rinsed three times preparations were made as described (Mansour et al., 1993) .
with CMF-PBS and refixed in 4% PFA for 20 min on ice. Next, the In situ antisense riboprobe hybridization of E9.5-E12.5 embryos slides were washed with CMF-PBS, deacetylated in 0.25% acetic was performed as described (Manley and Capecchi, 1995) . The anhydride/0.1 M triethanolamine,10 min with stirring, and washed concentration of digoxigenin-UTP-labeled RNA was 0.4 mg/ml. The with 0.2ϫ SSC, 10 min, again stirring. The slides were dehydrated templates for Hoxb9, Hoxb8, and Hoxb6 have been described prein an ethanol (EtOH) series and allowed to air dry for 30 min. Hybridviously (Chen and Capecchi, 1997; Rancourt et al., 1995) . ization buffer (50% formamide/2ϫ SSC/10% Dextran sulfate/0.01% herring sperm DNA/0.02% SDS) was spread across the sections and subsequently prehybridized for 2-3 hr at 50ЊC. Following prehyHistological Analysis The specimens were embedded in paraffin and 10 m sections in bridization, a digoxigenin-UTP-labeled Hoxb8 riboprobe was diluted in hybridization buffer (0.5 g/ml) and placed on the sections(Chen the transverse orientation were mounted on slides. The sections were then stained with hematoxylin and eosin. and Capecchi, 1997). To increase the specificity of the Hoxb8 riboprobe, the following modifications were made: the restriction enFor adult skin, animals were sacrificed with CO 2 and shaved to remove the hair. Pieces of both ventral and lateral skin from the zyme site at the 5Ј end of the clone was changed from Sac1 to Not1 to generate a 5Ј overhang following linearization, and the ratio of cervical, thoracic, and abdominal regions were removed using 3 mm skin biopsy punches. The biopsy was then flattened on a sterile UTP:dig-UTP in the probe-generating transcription reaction was reversed to compensate for the low U content of the probe. Alternating paper towel and fixed for 4-6 hr in 10% formalin. The samples were embedded in paraffin, cross-sectioned at 10 m, and stained with sections were exposed to antisense or sense (control) riboprobes. The slides were heated to 85ЊC for 10 min, and hybridized overnight either hematoxylin and eosin, or giemsa.
